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Abstract: The characteristics of adipose-derived mesenchymal stem cells (Ad-MSCs) can be selectively enhanced by altering the culture
environment. We evaluated the effects of gelatin on Ad-MSCs when used in combination with culture media. Ad-MSCs were initially
cultured in 0%, 0.5%, 1%, 2%, and 4% gelatin in Dulbecco’s modified Eagle’s medium (DMEM) to evaluate cell proliferation. The
expression of inflammatory, antiinflammatory, antioxidant, and osteogenic markers was then assessed by rtPCR in Ad-MSCs cultured
in 0.5% gelatin in DMEM (GMSCs), and without gelatin (MSCs), for 5 and 10 days. We found that 0.5% gelatin significantly increased
the proliferation rate of Ad-MSCs after 24 h of incubation, up until 72 h. GMSCs had upregulated IL-10, VEGF, and HO-1 after 5 and
10 days of incubation, while IL-6 and TNF-α were upregulated after 5 days and then significantly decreased after 10 days of incubation.
The osteogenic factors BMP-7, AXIN, and β-catenin were significantly upregulated in GMSCs after 5 and 10 days. Notably, there was
5- to 8-fold higher expression of BMP-7 in GMSCs than in MSCs. We conclude that culture medium containing 0.5% gelatin enhances
the proliferation rate, induces immunosuppression, and activates BMP-7 and the wnt/AXIN/β-catenin pathway in Ad-MSCs.
Key words: Gelatin, immunomodulation, mesenchymal stem cells, proliferation

1. Introduction
Adipose-derived mesenchymal stem cells (Ad-MSCs)
are highly multipotent cells with a high potential for
differentiation into multiple cell types (Vieira et al.,
2010; Park et al., 2012; Mellor et al., 2015). Ad-MSCs
produce various growth factors that contribute to injury
healing and tissue regeneration (Salgado et al., 2010). The
antiinflammatory, immunomodulatory, and antioxidant
properties of mesenchymal stem cells (MSCs) make
them desirable candidates for cell-based therapies
(Soleymaninejadian et al., 2012).
The usefulness of MSCs has been selectively
enhanced by either manipulating the culture media
composition (Langenbach and Handschel, 2013) or by
gene transduction (Liu et al., 2015). Pretreatment with
proinflammatory cytokines, such as tumor necrosis
factor-α (TNF-α), interferon-γ (INF-γ), and interleukin-6
(IL-6), enhances the immunosuppressive capacity of
MSCs by upregulating the expression of indoleamine2,3-dioxygenase (IDO), which inhibits the proliferation
of lymphocytes (Hoogduijn et al., 2010). Gelatin sponges
incorporating high amounts of β-tricalcium phosphate (β
TCP) have been used to stimulate rat bone marrow MSC
proliferation and osteogenic differentiation by stimulating
* Correspondence: ohkweon@snu.ac.kr

higher alkaline phosphatase (AP) activity and osteocalcin
expression (Takahashi et al., 2005). Similarly, a scaffold
prepared by mixing chitosan with gelatin, β TCP, and
hydroxyapatite (HA) has also been used to induce MSC
adhesion, differentiation, and proliferation (Zhao et al.,
2006).
MSCs cultured in a hyperoxic environment have
enhanced viability and paracrine therapeutic capabilities
(Song et al., 2010), as well as increased expression of the
naturally occurring antioxidant stanniocalcin-1 (SC1), which prevents oxygen-induced bronchopulmonary
dysplasia in rats (Waszak et al., 2012). HO-1, a potent
antioxidant enzyme, can be induced in undifferentiated
MSCs treated with hemin, which renders the MSCs
more resistant to oxidative injury (Barbagallo et al.,
2008). Osteogenic growth peptide (OGP) induces HO-1
expression in human bone marrow MSCs, which induces
osteogenic differentiation as evidenced by elevated levels
of bone morphogenic protein-2 (BMP-2) and osteonectin
(Vanella et al., 2010, 2013). We have previously reported
that gelatin-induced osteogenic cell sheets had active
cell proliferation with abundant extracellular matrix and
upregulation of osteogenic markers (Kim et al., 2016). In
the present study, we evaluated the effects of gelatin on

969

KHAN et al. / Turk J Biol
the biological and functional characteristics of Ad-MSCs
by culturing them in gelatin composite standard culture
media.
2. Materials and methods
2.1. Isolation and culture of canine Ad-MSCs
Canine Ad-MSCs were isolated according to Kisiel et al.
(2012). The adipose tissue was aseptically collected from
the gluteal subcutaneous areas of healthy dogs aged 1 to 1.5
years. The animal experimental procedures were approved
by the Institute of Animal Care and Use Committee of
Seoul National University (SNU-160720-13). The adipose
tissue was minced aseptically in a biosafety cabinet and
incubated with collagenase type-1A (1 mg/mL, Sigma,
St. Louis, MO, USA) for 2 h at 37 °C. The suspension was
filtered through a 100-µm nylon mesh and centrifuged at
980 × g for 10 min. The supernatant was discarded and the
cell pellet was resuspended and cultured in DMEM (low
glucose pyruvate, GIBCO BRL, Grand Island, NY, USA)
with 10% fetal bovine serum (FBS, GIBCO BRL) and 1%
penicillin and streptomycin (PS, 10,000 U/mL, GIBCO).
The cells were washed after 24 h to remove tissue debris
and floating cells, and the medium was changed. The
medium was then changed every 48 h until the cells had
reached 90% confluence. At 90% confluence, the cells were
subcultured or cryopreserved (Kisiel et al., 2012). MSCs
were cultured for up to three passages (P3) and were used
in subsequent experiments.
2.2. Cell surface characterization and differentiation
essay of Ad-MSCs
The expression of cell surface markers related to AdMSCs was confirmed by flow cytometry. Ad-MSCs were
harvested at 80% confluence and divided into groups for
staining. Each aliquot of 1 × 106 cells was incubated with
FITC-conjugated antibodies CD14 (MCA1568), CD34
(MCA2411F), CD45 (MCA2220F), and CD105 (ab53318)
and PE-conjugated antibodies CD44 (ab58754) and CD90
(ab33694) for 40 min. The cells were washed with 0.5%
bovine serum albumin in phosphate buffer saline (0.5%
BSA PBS) and centrifuged at 1400 rpm for 5 min. The cells
were resuspended with 400 µL 0.5% BSA-PBS. The relative
expression levels of the cell surface markers were measured
by FACSCalibur (Becton, Franklin Lakes, NJ USA) using
Cell Quest Pro software.
The Ad-MSCs were cultured in different induction
media to assess their multiline differentiation capability.
2.2.1. Adipogenic differentiation
In order to induce adipogenic differentiation, the P3
Ad-MSCs were cultured in a standard culture medium
(DMEM low glucose, 10% FBS, 1% PS) until they reached
80% confluence. The culture medium was replaced with
adipocyte differentiation basal medium (GIBCO, Stem
Cell Pro, A10410), where they were cultured for 14 days
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using the manufacturer’s guidelines. The cells were refed
every 3 days during the incubation period. The neutral
lipids produced by the adipocyte-differentiated Ad-MSCs
were detected by oil red O staining.
2.2.2. Osteogenic differentiation
The Ad-MSCs were first cultured in a standard culture
medium; when they reached 80% confluence the cells
were switched to an osteogenic induction medium
composed of DMEM (low glucose), 10% FBS, 1% PS, 10
mM β glycerophosphate (Sigma-Aldrich, St. Louis, MO,
USA), 0.1 µM dexamethasone (Sigma-Aldrich), and 50
µM 1-ascorbic acid-2-phosphate (Sigma-Aldrich) (Jaiswal
et al., 1998) for 14 days. The cells were refed every 3 days
during the incubation period. Then the cells were observed
under a microscope for the change in morphology, and
calcium deposition was assessed by alizarin red staining.
2.2.3. Neural differentiation
P3 Ad-MSCs at 70% confluence were switched to neural
induction medium (NIM) composed of serum-free
DMEM (low glucose), 200 µM butylated hydroxyanisole,
5 mM KCL (potassium chloride), 2 mM valproic acid,
10 µM forskolin, 1 µM hydrocortisone, and 5 µg/mL
insulin. The cells were cultured for 6 days in NIM. The
expression of neural and glial cell markers was assessed
by immunocytochemistry. For this purpose, the cells were
washed and fixed with 4% paraformaldehyde followed by
incubation with primary antibodies: neurofilament-M
(NF-M, sc-398532), galactocylceramidase (GALC, sc67352), and glial fibrillary acidic protein (GFAP, sc6170). The cells were washed and stained with fluorescein
isothiocyanate conjugated antimouse (Alexa Flour, ab150111) and antirabbit secondary antibodies (Flamma
648). DAPI was used to stain the nucleus. The cells were
examined with a fluorescent microscope (EVOS FL
imaging system, Thermo Fisher, Waltham, MA, USA).
2.3. Cell seeding in gelatin media and harvesting
Ad-MSCs were harvested at 90% confluence. The cells
were centrifuged, and the cell pellet was resuspended in
1 mL of DMEM. The cells were counted using a Countess
FL automated cell counter (Thermo Fisher Scientific,
Seoul, Republic of Korea). About 5000 cells were seeded
per well in a 96-well plate and cultured for 72 h in 200 µL
of DMEM containing 0%, 0.5%, 1%, 2%, and 4% gelatin
(gelatin from porcine skin, Sigma-Aldrich) to measure the
Ad-MSC proliferation rate. Next, Ad-MSCs were cultured
in DMEM containing 0.5% gelatin for 10 days to determine
the influence of gelatin on growth factors, osteogenic
factors, and inflammatory and antiinflammatory factors
by rtPCR. About 1 × 105 Ad-MSCs were cultured in 100mm petri dishes containing 14 mL of DMEM with 0.5%
gelatin (GMSCs) for 10 days and compared with Ad-MSCs
cultured in DMEM containing no gelatin (MSCs). The
cells were harvested after 5 and 10 days for comparison.
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2.4. Cell proliferation assay
Five wells of cells were cultured in each % of gelatin
+ DMEM in 96-well plates. The cell proliferation was
determined by reduction of MTS tetrazolium by viable
cells containing NAD(P)H-dependent dehydrogenase
enzymes. The activity generates a colorful formazan
product, which is soluble in culture media. An MTS cell
proliferation colorimetric assay kit (Bio-Vision, Milpitas,
CA, USA) was used to perform this assay. An aliquot of 20
µL of MTS reagent was added to each well and incubated
for 2 h at 37 °C and 5% CO2. The amount of formazan dye
produced by the viable cells was determined by measuring
the absorbance at 490 nm. The cell viability/proliferation
was measured at 0, 24, 48, and 72 h of Ad-MSC incubation.
2.5. RNA isolation and real time quantitative PCR
(rtPCR)
Total mRNA was extracted from GMSCs and MSCs
after 5 and 10 days of incubation, and the expression of
inflammatory, antiinflammatory, antioxidant, osteogenic,
and growth factors was compared (Table).

mRNA was isolated by the Hybrid-R RNA extraction
kit (geneAll, Seoul, Republic of Korea) according to the
manufacturer’s instructions. The total mRNA concentration
was determined with an Implen-NanoPhotometer (Implen
GmbH, Munich, Germany) by measuring the optical
density at 260 nm. First-strand cDNA was prepared by
Prime Script II First-Strand cDNA Synthesis Kit (Takara,
Otsu, Japan). The cDNA was mixed with SYBER premix
EX Taq (Takara, Otsu, Japan) and specific forward and
reverse primers (Table), and PCR was carried out using
the ABI Step One Plus Real Time PCR system (Applied
Biosystems, Carlsbad, CA, USA). The gene expression was
quantified using the 2–ΔΔCT method (Livak and Schmittgen,
2001). GAPDH was used as a reference gene.
2.6. Statistical analysis
The data were analyzed with SPSS 20.0 (IBM, Armonk,
NY, USA). The data were expressed as mean ± standard
error (SE). The Kruskal–Wallis test was used to analyze
differences between groups. The Mann–Whitney U test
was used to identify statistically significant differences

Table. Primers for quantitative real-time polymerase chain reaction.
Primer sequence (5′-3′)
Genes

Forward

Reverse

GAPDH

CATTGCCCTCAATGACCACT

TCCTTGGAGGCCATGTAGAC

VEGF

CTATGGCAGGAGGAGAGCAC

GCTGCAGGAAACTCATCTCC

BMP-7

TCGTGGAGCATGACAAAGAG

GCTCCCGAATGTAGTCCTTG

β-Catenin

TACTGAGCCTGCCATCTGTG

ACGCAGAGGTGCATGATTTG

AXIN

ACGGATTCAGGCAGATGAAC

CTCAGTCTGTGCCTGGTCAA

TGF-β

CTCAGTGCCCACTGTTCCTG

TCCGTGGAGCTGAAGCAGTA

IL-10

CCTGGGAGAGAAGCTCAAGA

TGTTCTCCAGCACGTTTCAG

IL-6

TTTTCTGCCAGTGCCTCTTT

GGCTACTGCTTTCCCTACCC

COX2

ACCCGCCATTATCCTAATCC

TCGGAGTTCTCCTGGCTTTA

TNF-α

ACCACACTCTTCTGCCTGCT

TGGAGCTGACAGACAACCAG

SOD

AGTGGGCCTGTTGTGGTATC

AGTCACATTGCCCAGGTCTC

HO-1

GCGTCGACTTCTTCACCTTC

GGTCCTCAGTGTCCTTGCTC

RUNX2

TGTCATGGCGGGTAACGAT

TCCGGCCCACAAATCTCA

Osteopontin

GATGATGGAGACGATGTGGATA

TGGAATGTCAGTGGGAAAATC

Osteocalcin

CTGGTCCAGCAGATGCAAAG

GGTCAGCCAGCTCGTCACAGTT

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; VEGF, vascular endothelial growth factor; BMP-7,
bone morphogenic protein-7; AXIN, axis inhibition protein 2; TGF-β, transforming growth factor beta; IL-10,
interleukin-10; IL-6, interleukin-6; COX2, cyclooxygenase-2; TNF-α, tumor necrosis factor-alpha; SOD, serum
oxide dismutase-1; HO-1, heme oxygenase-1; RUNX2, runt related transcription factor 2.
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between groups at different time intervals. P ≤ 0.05 was
considered to be statistically significant.
3. Results
3.1. Characterization and differentiation of Ad-MSCs
The MSCs isolated from adipose tissues of dog showed
elliptical morphology, similar to human MSCs. They
showed active adhesion and proliferation at the surface of
the polystyrene cell culture dish and formed a monolayer
of actively growing cells until they reached full confluence.
Based upon flow cytometry analysis, the canine Ad-MSCs
were negative for monocytes and endothelial cell surface
markers CD14, CD34, and CD45 and positive for stem cell
surface markers CD105, CD44, and CD90 (Figure 1).
The canine Ad-MSCs were differentiated into
osteocytes, adipocytes, and neural cells after culturing in
specific induction media. Due to osteogenic induction, the

morphology of Ad-MSCs (Figure 2a) was changed from
elliptical to roughly round or triangular shape (Figure
2b), and they stained positive for calcium deposition by
alizarin red staining (Figure 2c). In the case of adipogenic
differentiation, unlike nondifferentiated Ad-MSCs (Figure
2d), the cytoplasm of Ad-MSCs became more expended.
Most of the cells were ovoid rather than elliptical (Figure
2e). They stained positive for the deposition of neutral
lipids by oil red O staining (Figure 2f, black arrows). In the
case of neural induction of Ad-MSCs (Figure 2g), most of
the cells showed altered morphology with elongated cell
projections and outgrowths resembling dendrites (Figure
2h, black arrows). They stained positive for neural and glial
cells markers such as TUJ-1 (Figure 2i), GALC (Figure 2j),
and GFAP (Figure 2k). Despite expressing the neuronal
markers, the cells lacked the absolute morphology of
mature neuronal cells.

Figure 1. Cell surface protein expression by flow cytometry analysis: the Ad-MSCs were negative for CD14, CD34, and CD45; positive
for CD44 and CD90; and weakly positive for CD105.
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Figure 2. Multiline differentiation of Ad-MSCs. a, d, g) Undifferentiated Ad-MSCs. b) Osteogenic differentiation of Ad-MSCs, roughly
round or triangular in shape. c) Ad-MSCs differentiated into osteocytes that stained positive with alizarin red staining. e) Adipogenic
differentiation of Ad-MSCs; cells are broader and ovoid in shape (black arrow). f) Cells stained positive with oil red O staining (black
arrow). h) Neural differentiation of Ad-MSCs. i) Cells stained positive for GALC. j) Cells stained positive for GFAP. k) Cells stained
positive for Tuj-1. All the images were obtained at the magnification of 100×, scale bar = 200 µm.

3.2. Morphology and proliferation of the cells
According to the MTS colorimetric assay, Ad-MSCs had
significantly increased proliferation when cultured with
0.5% gelatin. A noticeable increase in proliferation was
observed after 24 h of incubation with 0.5% gelatin, followed
by slowed proliferation that was still significantly higher
than that of the cells grown in 0%, 1%, 2%, and 4% gelatin
at 48 and 72 h of incubation (Figure 3a, *P ≤ 0.05). The
proliferation rate was not significantly different between
cells cultured with 1% and 0% gelatin. The proliferation
rate was significantly decreased in cells cultured with 2%
and 4% gelatin compared to that of the control, but there
was no significant difference between them (Figure 3a,
#P ≤ 0.05). GMSCs and MSCs both had good adhesion
characteristics, with few floating cells observed; however,
after 10 days of incubation GMSCs had more floating cells
than MSCs, which might be due to overconfluence. Cells
had characteristic fibroblast-like elliptical morphology. No
morphological differences were observed between MSCs
and GMSCs after 5 and 10 days of incubation (Figure
3b). The GMSCs showed higher confluence than MSCs
after 5 days of incubation and more clustering and colony
formation after 10 days of incubation (Figure 3b, black
arrows).

3.3. Expression of inflammatory and antiinflammatory
markers
The expression of IL-10, IL-6, and TNF-α was upregulated
in GMSCs after 5 days (Figure 4, *P ≤ 0.05). After 10 days,
the expression of IL-10 remained elevated; however, IL-6
and TNF-α were downregulated to an insignificant level in
GMSCs (Figure 4, #P ≤ 0.05). The expression of COX2 was
not significantly altered in GMSCs after 5 days; however,
it was significantly decreased after 10 days (Figure 4, *P ≤
0.05).
3.4. Expression of antioxidants and growth factors
VEGF and HO-1 were upregulated in GMSCs after 5 and
10 days, while SOD remained downregulated (Figure 5,
*P ≤ 0.05). The expression of HGF was not significantly
altered in GMSCs after 5 and 10 days (Figure 5, *P ≤ 0.05).
3.5. Expression of osteogenic factors
Gene markers related to osteogenic differentiation, such as
BMP-7, AXIN, and β-catenin, were upregulated after 5 and
10 days (Figure 6, *P ≤ 0.05). In GMSCs, BMP-7 had the
highest expression, up to 5- to 8-fold more than in MSCs
(Figure 6, *P ≤ 0.05). TGF-β expression in GMSCs was not
significantly different from that in MSCs after 5 days, while
it was significantly downregulated after 10 days (Figure 6,
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Figure 3. Morphology and proliferation of the cells. a) A significant increase (*) in cell proliferation was observed with 0.5% gelatin
in DMEM compared to that of other groups (P ≤ 0.05). Medium containing no gelatin was used as the control. A significant decrease
(#) in cell proliferation was observed in DMEM containing 2% and 4% gelatin compared to that of the control. b) Cell morphology
and confluence after 5 and 10 days of incubation. GMSCs had characteristic fibroblast-like morphology, which was the same as the
morphology of the MSCs. GMSCs showed more clustering and colony formation than MSCs (black arrows).

Figure 4. Expression of inflammatory and antiinflammatory gene markers in MSCs and GMSCs after
5 and 10 days. IL-10, IL-6, and TNF-α were significantly upregulated in GMSCs after 5 days. After 10
days, IL-10 remained elevated; however, IL-6 and TNF-α were downregulated (#, *: P ≤ 0.05). COX2
expression was not significantly different in GMSCs after 5 days, but it was significantly downregulated
after 10 days (*: P ≤ 0.05). Each bar represents the mean of four samples with error bars representing
standard error.

*P ≤ 0.05). RUNX-2 and osteopontin were significantly
downregulated in GMSCs after 5 days; however, after 10
days the expression was similar to that of MSCs (Figure 6,
*P ≤ 0.05). Osteocalcin was not influenced by gelatin after
5 or 10 days (Figure 6).
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4. Discussion
The immunosuppression and multipotency of MSCs is
induced by manipulating the culturing environment and
culture medium composition. It enabled them to better
cope with stress with improved viability, which eventually
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Figure 5. mRNA expression of growth factors and antioxidants in MSCs and GMSCs after 5 and 10
days. VEGF and HO-1 were upregulated after 5 and 10 days in GMSCs. After 5 and 10 days, HGF
expression was not altered, while SOD was downregulated (*: P ≤ 0.05). Bars represent the mean of four
samples and error bars represent standard error.

Figure 6. Expression of osteogenic gene markers in MSCs and GMSCs after 5 and 10 days. BMP7, AXIN, and β-catenin were significantly upregulated after 5 and 10 days (*: P ≤ 0.05). TGF-β was
downregulated after 10 days, while RUNX2 and osteopontin were downregulated after 5 days in GMSCs
(*: P ≤ 0.05). Osteocalcin expression was not significantly different. Bars represent the mean of four
samples and error bars represent the standard error.

led to improved therapeutic outcomes. (Sotiropoulou et
al., 2006). Gelatin has been used as a scaffold to improve
cellular adhesion and proliferation (Zhao et al., 2006);
however, the usefulness of gelatin used in combination
with media has not previously been evaluated. We found
that 0.5% gelatin in culture media induced the proliferation
of Ad-MSCs and enhanced the expression of certain genes
that could affect their potency in clinical applications. We
compared different concentrations of gelatin and found
that 0.5% gelatin in DMEM significantly increased the

proliferation of Ad-MSCs, possibly via activation of the
canonical pathway for wnt signaling. The activation of
wnt/catenin pathways leads to increased cell proliferation
during embryonic development (Sokol, 2015). This also
regulates cell proliferation in certain mammalian tissues,
which are in a state of constant regeneration (Clevers
et al., 2014). However, aberrant activation of the wnt
pathway may lead to uncontrolled cell proliferation, which
may cause neoplasia (Zhan et al., 2017). In the present
study, AXIN and β-catenin were upregulated in GMSCs,
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which may indicate that the proliferation of GMSCs was
enhanced by activation of the wnt/β-catenin pathway.
Another contributing factor might be the RGD peptide
in gelatin, which promotes the adhesion and proliferation
of MSCs (Hersel et al., 2003) and induces the expression
of angiogenic growth factors in MSCs (Yu et al., 2010). In
the present study, elevated expression of VEGF in GMSCs
might be influenced by the RGD peptide. In a similar study,
the application of gelatin in osteogenic cell sheets induced
the proliferation of osteoblasts, which was also attributed
to the activation of the wnt/β-catenin pathway (Kim et
al., 2017). In the present study, Ad-MSCs incubated with
gelatin concentrations of 1%, 2%, and 4% had a lower
proliferation rate, which might be due to alterations in the
optimal medium composition required for the growth of
Ad-MSCs. The Ad-MSCs were more biologically active
in 0.5% gelatin in DMEM; therefore, we selected this
concentration of gelatin for further study to evaluate the
influence of gelatin on gene expression.
Gelatin scaffolds incorporating higher amounts of β
TCP, chitosan, and HA improve the adhesion, proliferation,
and osteogenic differentiation of MSCs through regulation
of AP activity, BMP-7, and the content of osteocalcin
(Takahashi et al., 2005; Zhao et al., 2006). Osteogenic cell
sheets incorporating gelatin had upregulated expression of
osteogenic markers such as BMP-7, TGF-β, AP, osteocalcin,
and osteopontin in osteogenically differentiated Ad-MSCs
(Kim et al., 2017). Similarly, virally transfected BMP-7overexpressing MSCs had rapid osteogenic differentiation
(Xue et al., 2015), which induced bone regeneration in
critical-size bone defects in rats (Kargozar et al., 2017).
In the present study, we found that the addition of 0.5%
gelatin strongly upregulated the expression of BMP-7, up
to 5- to 8-fold higher than that of the MSCs without gelatin,
as well as activating the wnt/β-catenin pathway. However,
other osteogenic factors, such as osteocalcin, RUNX2, and
osteopontin, were not upregulated in GMSCs. In spite of
the observed upregulation of BMP-7 in GMSCs, they did
not differentiate into osteoblasts. It is possible that GMSCs
are undifferentiated Ad-MSCs, which might have a higher
osteogenic potential in terms of bone regeneration,
because BMP-7 causes dose-dependent ossification in
critical-size bone defects in rodents (Williams et al., 2015).
However, further in vivo investigation is required to assess
the efficacy of GMSCs in terms of bone regeneration.
One of the important characteristics of MSCs is
immunomodulation, which favors their use in various
clinical disorders and delays graft host rejection (Nasr
et al., 2015). MSCs are immunosuppressive, and their
antiinflammatory abilities are attributed, in part,
to the secretion of HO-1, IL-10, HGF, and TGF-β
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(Soleymaninejadian et al., 2012). MSCs have been
externally manipulated to induce immunomodulation.
Exogenous INF-γ induces the suppressive activity of
MSCs for the proliferation of both B and T lymphocytes
by stimulating the production of IDO (Krampera et al.,
2006). Changing the culturing environment from a 2D to
a 3D culturing system by introducing scaffolds, hydrogels,
and spheroids positively regulates immunomodulation in
cultured MSCs (Follin et al., 2016). Similarly, keeping MSCs
under hypoxic conditions and exposed to inflammatory
cytokines further potentiates the immunosuppressive
characteristics of the MSCs (Kadle et al., 2015). In the
present study, we found that the addition of gelatin causes
immunomodulation in Ad-MSCs due to the upregulation
and persistent expression of antiinflammatory factors
such as IL-10 after 5 and 10 days of incubation, while
inflammatory factors such as TNF-α, IL-6, and COX2
were downregulated after 10 days compared with their
expression after 5 days of incubation.
In vitro studies indicate that HO-1 expression was
induced in MSCs by 4-methylcatecol (Lin et al., 2009),
pitavastatin (Kawashiri et al., 2015), curcumin (Cremers et
al., 2014), and cobalt protoporphyrin (Vanella et al., 2013).
HO-1 overexpression enhances the resistance of MSCs
to oxidative stress and serum deprivation (Kawashiri et
al., 2015), as well as upregulating VEGF (Tsubokawa et
al., 2010). In in vivo studies, favorable clinical outcomes
observed in HO-1-overexpressing MSCs were attributed
to the upregulation of VEGF and IL-10 (Wang et al.,
2012). In the present study, we found that gelatin also
induces the expression of HO-1 and the associated VEGF
and IL-10, which strengthens the immunosuppressive and
antioxidant characteristics of Ad-MSCs.
Gelatin is obtained from the hydrolysis of collagen
extracted from the skin and other tissues. It contains
arginine-glycine and aspartic acid (RGD) sequences,
which makes it biocompatible with cell growth (Hoch et
al., 2012). As gelatin is more soluble and remains liquefied
in normal saline at 37 °C (Chien et al., 1983), we added
0.5% gelatin into DMEM containing 10% FBS and 1% PS
in order to culture Ad-MSCs. We found that 0.5% gelatin
enhanced the proliferation, immunosuppression, and
antioxidant characteristics of Ad-MSCs while strongly
upregulating the expression of BMP-7. For this reason,
GMSCs are expected to have better clinical efficacy than
MSCs.
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